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A B S T R A C T

Background: With the introduction of sensing-enabled deep brain stimulation devices, characterization of long-term biomarker dynamics is of growing importance for 
treatment optimization. The microlesion effect is a well-known phenomenon of transient clinical improvement in the acute post-operative phase. While beta band 
activity is confirmed as a reliable biomarker for bradykinesia using chronic recordings, little is known about the ideal time point for initial electrophysiology-based 
programming.
Objective: To investigate the microlesion effect impact in chronic biomarker recordings.
Methods: Subthalamic peak biomarker power was continuously recorded during the first 40 post-operative days in 12 Parkinson’s disease patients implanted with a 
sensing-enabled neurostimulator. Daily change in mean peak power and complexity was analyzed. Additionally, power spectral density at rest was compared be
tween immediate postoperative period and three-months-follow-up. We additionally present continuous pallidal recordings in 2 dystonia patients.
Results: Mean peak power increased postoperatively, and the rate of change stabilized at 22–29 days. Peak power complexity showed a decrease in the number of 
recurrence states and laminarity, stabilizing around the same time point. Biomarker activity showed a significant increase at 3-month-follow up compared to the 
early post-operative phase. The microlesion effect was clinically reflected as a decrease in pre-vs. postoperative medication before setting of chronic stimulation 
parameters.
Conclusions: The transient postoperative microlesional effect is characterized by reduced beta band power and reduced neural signal complexity that gradually 
stabilize towards the end of the first month after surgery and most likely reflect local neuronal adaptation. These findings are important for the timing of 
electrophysiology-supported DBS programming, such as contact selection or adaptive algorithms.

1. Introduction

Deep brain stimulation (DBS) is an effective therapy for movement 
disorders [1–3]. Recordings from DBS electrodes have significantly 
improved our understanding of electrophysiological changes underlying 
symptom severity and therapy response. In Parkinson’s disease (PD), 
increased subthalamic activity in the beta frequency band (13–35 Hz) 
has been identified as a biomarker for bradykinesia [4–9], while in 

dystonia, lower-frequency activity in the theta band (5–8 Hz) has been 
identified as a biomarker [10,11]. This information can be used to 
inform adaptive algorithms [12–14]. However, most of this research has 
been conducted intra-operatively or during a short peri-operative time 
window when electrodes are externalized and electrophysiological sig
nals might be affected by the post-operative microlesion effect [4,6,12,
13,15–19]. This microlesion effect leads to a temporary alleviation of 
clinical symptoms, and can even cause symptoms that usually are 
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Germany.

E-mail address: andrea.kuehn@charite.de (A.A. Kühn). 

Contents lists available at ScienceDirect

Brain Stimulation

journal homepage: www.journals.elsevier.com/brain-stimulation

https://doi.org/10.1016/j.brs.2025.08.002
Received 21 June 2024; Received in revised form 2 June 2025; Accepted 8 August 2025  

Brain Stimulation 18 (2025) 1579–1586 

Available online 11 August 2025 
1935-861X/© 2025 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0003-1290-208X
https://orcid.org/0000-0003-1290-208X
https://orcid.org/0000-0002-9804-7477
https://orcid.org/0000-0002-9804-7477
https://orcid.org/0000-0002-5898-0967
https://orcid.org/0000-0002-5898-0967
https://orcid.org/0000-0002-5768-4277
https://orcid.org/0000-0002-5768-4277
mailto:andrea.kuehn@charite.de
www.sciencedirect.com/science/journal/1935861X
https://www.journals.elsevier.com/brain-stimulation
https://doi.org/10.1016/j.brs.2025.08.002
https://doi.org/10.1016/j.brs.2025.08.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.brs.2025.08.002&domain=pdf
http://creativecommons.org/licenses/by/4.0/


related to overstimulation such as dyskinesia or (hypo)manic episodes in 
PD patients [20,21] in the absence of stimulation [22]. Microlesion ef
fect induced symptom improvement positively correlated with later DBS 
effectivity in PD [23]. Electrophysiological patterns during this time 
period are less well explored. Already during electrode insertion, an 
immediate beta band activity decrease was observed in intraoperative 
local field potential (LFP) [24], which aligns with an observed individ
ual increase of beta band activity three months postoperatively 
compared to immediate post-operative recordings, although the latter 
did not reach significance on the group level [25].

To date, little is known about the time-course of “recovery” of the 
electrophysiological activity after electrode insertion. A recent study 
showed increased periodic activity and decreases in aperiodic compo
nents after one month compared to acutely post-operatively [26]. With 
the growing availability of sensing-enabled neurostimulators, long-term 
biomarker changes and patterns can be assessed [25,27–31], such as 
circadian rhythms [32]. Before implementing biomarkers as feedback 
signals in clinical routine, their temporal reliability to reflect 
disease-specific symptoms and the stability over time are important 
prerequisites. Specifically, for adaptive algorithms it becomes important 
to pin-point when relevant biomarkers, which could be used to control 
stimulation delivered to the target brain regions, reach a steady-state. In 
the present study, we aim to characterize the microlesion effect and its 
temporal dynamics using the chronic brain-sense technology in order to 
inform future sensing-supported DBS applications, such as adaptive 
DBS, and contact selection.

2. Material and methods

2.1. Participants

12 PD patients were included in this study. Written informed consent 
was obtained and the study was conducted in accordance with the 
ethical standards set by the declaration of Helsinki. The study was 
approved by the local ethics committees of the Charité Uni
versitätsmedizin Berlin (EA2/256/60, EA1/164/23) and Land
esärztekammer Brandenburg (2022-201-BO). After subthalamic DBS 
implantation [33] with the Percept PC/RC neurostimulator system 
(Medtronic, Minneapolis, MN, USA), participants were treated in a 
specialized PD hospital. Inclusion criterion was the complete recording 
of chronic biomarker data in sensing-enabled DBS-settings during the 
time of at least 7 days between the post-operative release until 
re-admission. There were 7 male and 5 female participants at a mean age 
of 62.3 ± 5.7 years. For more clinical details, see Table 1A. Additionally, 
two patients with cervical dystonia (1 female, 1 male), implanted with 

DBS electrodes in the internal pallidal globe (GPi), were included.

2.2. Data acquisition

The chronic sensing settings are presented in Table 1B, following the 
procedure as previously described [32]. Individual biomarker peaks 
were selected in a range between 8 and 25 Hz (mean: 15.9 ± 5.3 Hz). For 
all participants, LFP data for the initial set-up of sensing, including peak 
selection, was available for artifact screening. Chronic subthalamic 
oscillatory activity was assessed using 10 min averages of mean 
peak-power at a 5 Hz-window around an investigator-selected 
biomarker peak in the BrainSense mode (see Table 1B) for 12 patients 
during the post-operative phase of at least 7 days duration. The mean 
recording duration was 16 ± 10.97 days (mean ± std; recording range: 
7–41 days) ranging between 7 and 61 days post-operatively, and anal
ysis was restricted to the first 40 postoperative days, to capture the 
highest data availability.

For a subset of six patients (Table 1B, Fig. 3), LFP data were assessed 
through post-operative LFP recordings (subject 6,7,9,10,11,12) and re
cordings at 3-months-follow-up in the OFF-medication/OFF-stimulation 
state (at least 12 h withdrawal of dopaminergic medication, switching- 
off of stimulation at least 30 min before recording). For these patients, 
also the UPDRS-III-score at both time-points was available (Table 1B, 
Fig. 3).

All chronic LFP recordings were performed under usual medication 
that was adjusted 2–3 days after DBS surgery according to clinical 
symptom improvement and after initialization of DBS. Between pre- 
operative admission and post-operative hospital release, the mean 
reduction of dopaminergic therapy (levodopa-equivalent dose, LEDD, 
calculated according with [34]) was 33 ± 23.8 % (±SD). This serves as a 
clinical correlate of the post-operative microlesion effect, and our 
recording period begins after release from the hospital and this medi
cation adjustment. While exact medication schedules were not avail
able, readmission LEDD at the rehabilitation showed only minor 
changes of LEDD (LEDD post-OP/rehabilitation admission 1.1 ± 16.5 % 
(±SD). For the patients with dystonia, there was no relevant medication, 
and DBS was not activated during the recording period.

2.3. Data analysis

All analysis were conducted using Matlab (The Mathworks, Natick, 
MA, USA), leveraging custom-written toolboxes, which are openly 
available through github (CircaDiem Toolbox [32], Perceive toolbox 
[35] and SPM12: https://github.com/spm/spm12). After correction to 
the central European time-zone, chronic BrainSense data were 

Table 1A 
Demographic information for study subjects.

SubID Sex Age [y] LEDD pre-OP LEDD post-OP LEDD admission rehab Range DBS [mA] LEFT Range DBS [mA] RIGHT UPDRS 
OFF/OFF post-OP

UPDRS 
OFF/OFF 
3-MFU

sub01 f 60 1025 1025 1025 0.7–0.8 NA NA NA
sub02 m 65 1000 300 300 0.5 0.5 21 39
sub03 m 55 900 475 500 1.0–1.1 1.0–1.1 7 28
sub04 f 70 1635 682 782 0.5 0.5 NA NA
sub05 f 71 1387 1087 NA 1.0–1.1 1.0–1.1 NA NA
sub06 f 64 773 351 252 0.5–1.0 0.5–1 21 41
sub07 m 55 1035 825 925 0.9–1.8 1.0–1.7 31 43
sub08 m 65 625 625 575 NA 1.0–1.2 NA NA
sub09 f 53 1232,5 850 1112.5 0.4–0.5 0.4–0.5 49 51
sub10 m 61 1156 724 624 0.5–1 0.5–1 21 36
sub11 m 65 850 375 375 0.5 0.5 39 43
sub12 m 64 575 575 575 2.8–3.2 2.1–2.1 57 54
DYT01 m 55 NA NA NA 0 0 NA NA
DYT02 f 65 NA NA NA 0 0 NA NA

Sex: f=female; m=male; Age: y=years; LEDD= Levodopa-equivalent daily dose at admission for DBS implantation (pre-OP) and release from hospital (post-OP); 
OP=surgery; rehab=rehabilitation; DBS= deep brain stimulation; UPDRS=Unified Parkinson’s Disease Rating Scale; MFU=months-follow-up; NA= not applicable.

L.K. Feldmann et al.                                                                                                                                                                                                                            Brain Stimulation 18 (2025) 1579–1586 

1580 

https://github.com/spm/spm12


individually z-scored after removal of outliers 6 times the standard de
viation [32] across the analysis period from post-operative release to 
readmission. For the main analysis, data from the first 40 post-operative 
days was used. We screened for electrocardiogram (ECG) artifact 
contamination based on the initially acquired short resting state LFP 
recordings using the perceive toolbox ECG-artifact detection algorithm 
[35]. This resulted in 22/24 hemispheres being included in the main 
analysis.

For the chronic STN peak beta-power recordings, data was normal
ized by z-scoring across the whole recording period. Mean peak beta- 
power was calculated across days (allday-means for the whole 24 h, 
means for estimated day (07:00–21:00) and night (00:00–07:00 and 
21:00–00:00) times).

Since timepoints of recordings were heterogeneous, to increase 
comparability, we additionally normalized daytime activity to a com
plete day within a range that was common across all recordings in a 
range between 10 and 15 days post-surgery in a subset of 8 subjects. The 
respective day is noted in Table 1B. Peak power is expressed as % of the 
respective values on the “normalization day”.

Across normalization strategies, we applied a polynomial fit to the 
mean peak-beta power across days and defined the rate of change. 
Additionally, we performed a Bayesian Changepoint Analysis using the 
Matlab implementation of the BEAST algorithm [36].

Recurrence quantification analysis (RQA) was used to assess the 
temporal organization (complexity) of peak-beta power across days. 
This nonlinear data-driven technique characterizes the evolution of 
peak-beta power over time, considering the similarity between all pairs 
of observed samples [37–39]. The first step to perform RQA requires the 
evaluation of the recurrence plot (RP) [40], i.e., a matrix with binary 
elements, which summarizes the distance between every pair of states x 
(i) and x(j) obtained after Takens’ embedding. The RP associates a dot 
(RP(i,j) = 1) whenever x(i) is close to y(j) by a threshold ε, and a white 
pixel otherwise (RP(i,j) = 0), which can be described by: 

RP(i, j)= θ{ε − ‖x(i) − x(j)‖} (1) 

in which θ{ ⋅} denotes the Heaviside function, ‖ ⋅‖ denotes the L∞ norm 
[27], and the time indexes i and j vary from 1 to N samples. The RP 
provides a graphical representation of the states’ recurrence over time 
and a “fingerprint” for the generative dynamics underlying the time 
series. As this dynamics may involve the effect of several interacting 
variables and (usually) just a single observation is available (e.g., a 
single LFP recording), the states x(i), with i = 1, 2, …N, are obtained by 
“unfolding” the observation through the Takens’ embedding technique, 
introducing additional axes using delayed versions of the observed 
samples [34]. In this study, both the embedding dimension (de) and time 
delay (τ) in Takens’ transformation were estimated using the false 

nearest neighbor’s algorithm and the first minimal information crite
rion, respectively (de = 3 and τ = 2).

The binary patterns observed in the RP are objectively quantified by 
the recurrence measures, defining the RQA. In this study, we assessed 
the temporal organization using: 1) laminarity (LAM), which ranges 
from 0 to 1, and is defined as the percentage of RP points in horizontal 
segments longer than a minimal length (e.g., 2 points, i.e., in non- 
isolated states, [27]). Laminarity quantifies the tendency of states’ 
persistency, i.e., how long the samples remain unchanged. A LAM 
decrease indicates less persistency and higher variability across the 
observation; 2) the recurrence rate (RR), which ranges from 0 to 1, and is 
defined as the percentage of repetitions in the recurrence plot consid
ering all comparisons made. A higher RR indicates more regular dy
namics in which the recurrence of states often occurs, which not 
necessarily requires laminar behavior. Details concerning RQA, RP, 
Taken’s embedding can be found in Refs. [37,41].

After z-scoring the peak-beta power for each patient, the RQA was 
applied for samples within day-time interval (7:00–21:00 h) for each day 
to capture patients’ active periods. After an exploratory analysis, the RP 
threshold was defined in ε = 0.5, aiming at a suitable dynamic range for 
RQA metrics across the days, avoiding saturation for capturing the 
complexity progression [41].

In line with the power analysis, a polynomial curve fitting was 
employed, adjusting the order based on the first goodness-of-fit maxima, 
i.e., the one with representative variance explained by the day-time RQA 
metric across days at the lower polynomial order cost.

Correlation analyses, when mentioned, were performed using Pear
son’s correlation coefficient (rp) for normally distributed variables, as 
determined by the D’Agostino & Pearson test. For non-normally 
distributed variables, Spearman’s correlation coefficient (rs) was used.

For a subset of six patients, 30sec artifact-free rest recordings in a 
defined OFF medication and OFF DBS state were available post- 
operatively and at 3-months-follow-up. All LFP data were pre
processed using a 5th order Butterworth filter with a 1 Hz high-pass and 
98 Hz low-pass, as well as a band-stop filter at 48–52 Hz. Time series 
data was transformed to the time-frequency-domain using Morlet 
wavelet at 8 cycles and a frequency resolution of 1 Hz. The full spectrum 
was normalized by the mean beta band power (8–35 Hz) at three 
months-follow up. For statistical analysis, the mean beta band power 
was compared between post-operative and three-months follow-up re
cordings using Monte Carlo paired permutation testing (10.000 per
mutations). Additionally, in line with the chronic BrainSense power 
values, for each participant, mean beta-power at a 5 Hz-window 
centered around the individually selected peak frequency was 
calculated.

Table 1B 
Recording information for study subjects.

SubID start 
post-OP 
[days]

end 
post-OP 
[days]

Rec. duration 
[days]

Day for 
norm.

Cont. 
LEFT

Cont. 
RIGHT

ECG artifact 
RIGHT

ECG artifact 
LEFT

Peak L 
[Hz]

Peak 
R 
[Hz]

sub01 11 25 14 20 0–2 0–2 yes no NA 16
sub02 10 17 7 NA 0–2 0–2 no no 13 15
sub03 25 39 14 NA 0–2 0–2 no no 21 22
sub04 20 61 41 21 0–2 0–2 no no 8 23
sub05 9 27 18 20 0–2 0–2 no no 12 13
sub06 32 39 7 NA 0–2 0–2 no no 19 23
sub07 13 23 10 20 0–2 1–3 no no 8 18
sub08 11 21 10 20 0–2 0–2 yes no NA 19
sub09 9 29 20 20 0–2 0–2 no no 22 12
sub10 10 44 34 20 1–3 1–3 no no 14 14
sub11 7 16 9 NA 0–2 0–2 no no 14 25
sub12 21 29 8 22 0–3 0–2 no no 8 10
DYT01 3 35 32 20 0–2 0–2 no no 9 16
DYT02 3 35 32 20 0–2 0–2 no no 21 9

OP=surgery; NA= not applicable, Rec. = Recording; norm.=normalization; Cont.=bipolar recording contact configuration; ECG=electrocardiogram; L=left; R=right.
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3. Results

3.1. Chronic peak biomarker band power increases during the first post- 
operative month

Mean STN peak-beta power per day revealed an increase in oscilla
tory power across patients during the recording period, as highlighted 
by the individual traces from the 18 hemispheres in Fig. 1 A. The 
polynomial fit to the average obtained across patients showed a change 
in slope at 22 days (Fig. 1 B). When considering daytime (07:00–21:00, 
Fig. 1G) and nighttime (21:00–07:00, Fig. 1H) averages separately, 
power analysis revealed an increase in oscillatory activity during both 
day and night time (Fig. 1I), with a stabilization around 19–22 days 
postoperative.

In the additional subanalysis normalized to a common day 
(Fig. 1D–E), polynomial fit change was identified at post-operative day 
24.

For both normalization strategies, we used Bayesian changepoint 
detection as an additional measure for trend-change detection (Fig. 1C 
+ F). Here, in both cases, day 29 emerged as the day with the highest 
probability to be a changepoint (z-score, change point probability 
(cpPr) = 0.73; common-day-normalization, cpPr = 0.98).

In the two patients with dystonia, for z-scored data post-operative 
day 26 (Fig. 1K) and for common-day normalized data day 28 
(Fig. 1N) were detected as changepoints in the polynomial fit, and day 
23 (Fig. 1L, cpPr = 0.79) and day 21 (Fig. 1O, cpPr = 0.5) respectively.

3.2. Signal complexity of biomarker activity during the first post-operative 
month

To further explore peak-beta power characteristics, RQA was used to 
investigate its temporal organization. Fig. 2A shows an exemplary 

change of the peak-beta power time-course during the post-operative 
period, and the corresponding RP (Fig. 2B) for the whole day cycles 
(0:00–24:00 h). Differently from the sleep periods, characterized by beta 
power valleys and dense recurrence structures, day-time (7:00–21:00) 
intervals present distinct recurrence pattern across days. The initial post- 
operative interval (gray square) presents day-time periods more popu
lated with recurrences, which decreases in the late phase (magenta 
square). Day-time recurrence quantification analysis (RQA) reveals an 
increase in complexity and a gradual decrease in laminarity over the 
course of several days (Fig. 2C). Interestingly, in Parkinson’s disease 
(PD) patients, the mean day-time laminarity stops declining around the 
25th post-operative day (Fig. 2D). For dystonic patients, however, this 
stabilization occurs earlier, around the 18th post-operative day 
(Fig. 2F). Day-time laminarity reflects the persistence of similar patterns 
in behavior, and its reduction indicates an increasing complexity in beta 
activity over time.

Similarly, the day-time recurrence rate (RR) shows a post-operative 
decline, with stabilization occurring between the 23rd and 25th days in 
PD patients (Fig. 2E). In dystonic patients, stabilization happens earlier, 
around the 18th day (Fig. 2G). Recurrence rate measures the density of 
samples with similar biomarker levels; a decrease in RR suggests fewer 
recurrences or a reduction in similar states across day-time samples.

Further analysis revealed significant correlations between the mean 
laminarity (LAM) and recurrence rate (RR) during the 8th–41st post- 
operative day interval and the mean day-time biomarker peak for PD 
patients. Specifically, LAM and RR were negatively correlated with 
biomarker peak (rp = − 0.61, p = 0.0001, and rp = − 0.69, p < 0.0001, 
respectively). Similar findings were observed in dystonic patients within 
the 3rd–35th day interval, with LAM and RR negatively correlating with 
biomarker peaks (rs = − 0.59, p = 0.0003, and rs = − 0.54, p < 0.0013, 
respectively).

Fig. 1. Biomarker power increases during the first 20 days post-implantation. 
Mean z-scored biomarker power per day for each subject individually (colors) and the mean peak activity across subjects in black for the time period 10–40 days post- 
surgery in patients with PD and subthalamic (STN) DBS (A) and dystonia and pallidal (GPi) DBS (J). Biomarker power normalized to common day 20–22 for PD (D) 
and dystonia (M). The polynomial fit reveals a change of slope at 22 days (B), at 24 days (E), and in dystonia at 26 days (K) or 28 days (N). Bayesian changepoint 
detection using the BEAST algorithm [36] (C,F,L,O), displaying the individual trends and Pr (tcp), the posterior probability of a time change point. The overall effect 
seems to be independent of circadian influences as per the day-time-representation (G), night-time per subject (H), corresponding to panel (A), and the individual fits 
(I), revealing a change around 20 days, as well.
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3.3. Spectral power in the observed peak frequencies is increased after 
three months

Beta band activity (13–35 Hz) was smaller in post-operative re
cordings as compared to 3-months follow-up (Fig. 3 A + C, mean beta 
band activity normalized to 3-months follow-up: post-operatively: 
0.2149 ± 0.097, p = 0.0003, n = 12 STN). In analysis centering around 
the BrainSense selected individual peak-frequency, there was also a 
significant increase in power at 3-months-follow-up (Fig. 3B, mean 
normalized peak power, post-operatively: 0.500 ± 0.579, and at 3- 
months-follow-up: 2.395 ± 1.76, p = 0.00098). In line with this, com
parison of available post-operative (mean: 30.75 ± 16.6) and 3-months- 
follow-up UPDRS-III scores (Med OFF, DBS OFF, mean: 41.88 ± 8.2; see 
Table 1A) showed a significant reduction (paired t-test, p = 0.01) of 
motor symptoms during the acute post-operative phase.

4. Discussion

With the availability of chronically sensing-enabled devices, long- 
term biomarker dynamics can be investigated. Here, we observed that 
the clinically well-known phenomenon of the post-operative micro
lesion effect is reflected in electrophysiological biomarker changes. Our 
data show that together with an increase in beta band power, the 
complexity of the biomarker signal increases, with a stabilization of beta 
power and complexity towards the end of the first month (18–29 days) 
after electrode insertion, regardless of anatomical target structure and 
underlying pathology.

To date, electrophysiological evidence for the microlesion effect is 
scarce, with one study investigating the acute intraoperative reduction 
of beta band activity [24], and one study showing post-operative beta 
band reduction compared to one month post-surgery [26]. Other studies 
compared beta band activity after surgery with recordings months to 
years later [25,42] without showing a microlesion effect, but they did 

not evaluate the signal evolution over the immediate postoperative time 
period.

In our study, daily mean peak power levels rise over time illustrating 
a potential microlesion effect with the tipping point after 22 days, which 
is in line with clinically observed changes in motor symptoms and 
assumed effect of edema. In this cohort, we observed a significant 
reduction of the immediate post-operative UPDRS motor scores, and a 
decrease in LEDD already at low DBS intensity in the early post- 
operative days in comparison with pre-operative LEDD, which sup
ports a clinically relevant microlesion effect. The slow increase in beta 
band activity over the subsequent weeks in parallel with the clinically 
known reoccurrence of motor symptoms supports that beta band activity 
may chronically reflects changes in symptom severity, making it a valid 
biomarker. Furthermore, our findings point to a stabilization of elec
trophysiological biomarker only after about 3–4 weeks, which is 
important to consider for future sensing-based programming, including 
contact selection and parameter settings for adaptive DBS. Here, 
reaching a stable state of biomarker activity would be mainly important 
for thresholding beta band activity for adaptive DBS.

Clinically, there has been a more detailed characterization of the 
post-OP microlesion effect. Previous studies showed a 35 % improve
ment of motor performance after DBS lead implantation [22]. In our 
study, a clear clinical characterization with UPDRS-scores in the same 
therapeutic condition at beginning and end of the recording period was 
not available. However, the available OFF-medication/OFF-stimulation 
UPDRS scores in comparison between 3-months follow up and 
post-operative OFF Medication/OFF-DBS-states show a significant 
reduction of motor symptoms post-operatively. Taken together with the 
knowledge of correlation of increased beta band activity and bradyki
netic symptoms [4,6,25,29], the observed biomarker changes point to
wards a reflection of the microlesion effect. In previous literature, the 
microlesion effect alone was also related to an improvement of sleep 
quality, in agreement with improvement of UPDRS scores and scores for 

Fig. 2. Recurrence analysis reveals progressive decay of laminarity and recurrence rate during beta recovery after surgery 
(A) An exemplary post-implantation beta power (z-scored) time course and its (B) recurrence plot illustrating the beta power’s proximity for all samples. (C) Typical 
day-time (7:00–21:00 h) laminarity (LAM) decay during the post-implantation period. (D) Mean, smoothed (5-points moving average), and curve fitted (4th order 
polynomial fit) populational day-time LAM (N = 22) for PD patients. (E) Mean, smoothed (5-points moving average), and curve fitted (3rd order polynomial fit) 
populational (N = 22) day-time recurrence rate (RR) for PD patients. (F) Mean, smoothed (5-points moving average), and curve fitted (5th order polynomial fit) 
populational day-time LAM (N = 4) for dystonic patients. (G) Mean, smoothed (5-points moving average), and curve fitted (4th order polynomial fit) populational 
day-time RR (N = 4) for dystonic patients.
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anxiety and depression, for one month following DBS implantation and 
before DBS activation [43]. A recovery of the motor symptoms almost to 
pre-OP baseline values was described for one month [44] up to as much 
as 6 months [22]. The size of the collateral edema correlated inversely 
with UPDRS improvement [44].

In line with previous observations of clinical improvements corre
lating with a wider range of 8–35 Hz [6] and the recent presentation of 
the clinical utility of aDBS using biomarker also spanning to classical 
alpha-range peaks [45], we included peaks within the range from 8 to 
35 Hz in our study. Another previous concern was that movement ar
tifacts may influence chronically sensed oscillatory activity [32], which 
may increase during post-operative recovery. Hence, we investigated 
dynamics separated by day-time and night-time, expecting less influence 
of movement during the night. In both timespans, we saw a similar 
pattern of increased biomarker power, suggesting that physiological 
signal alterations underlie our observations. Moreover, since the elec
trophysiological microlesion effect is reflected in full-spectral resting-
state-activity, we conclude that the changes observed in BrainSense 
chronic recordings are physiological. Our findings regarding increased 
beta band activity are in line with a recent study showing increased 
periodic beta band activity after 1 month compared to acutely 
post-operatively [26]. Interestingly, this study observed a decrease in 
aperiodic parameters which might be indicative of increased inhibitory 
activity.

Other factors influencing electrophysiological recordings at a post- 
operative phase may relate to the acute post-operative edema, with 
one study showing a correlation between edema size and left-sided low- 
beta band activity [46]. [26] reported an additional increase in im
pedances, as previously observed across DBS targets [47].

Beyond the peak power, we additionally explored the data with 

recurrence analysis. Recurrence plots and RQA were first introduced to 
explore dynamics in non-nonlinear and non-stationary systems [37,48], 
and have been applied to identify EEG-based markers of autism [33], for 
seizure detection and localization [34], and for investigating EEG 
induced patterns during motor cognition [49,50]. In the present study 
we report a progressive decay in day-time laminarity and recurrence 
rate, which indicates that the beta rhythm in this interval is less regular 
and exhibits less recurrent states from a dynamical standpoint. The 
decline in RQA metrics was inversely correlated with the mean beta 
peak observed across days, suggesting that the stun effect phenomenon 
underlies the observed trends in beta complexity. Nevertheless, slight 
alterations in medication and DBS may also contribute to changes in 
RQA dynamics.

Interestingly, we saw similar dynamics in two first patients with 
cervical dystonia, continuously recorded in the GPi, who were left OFF- 
stimulation and did not take relevant neuromodulatory medication. This 
suggests that increased biomarker activity and signal stabilization after 
one month may be independent of the underlying pathology, anatomical 
structure or therapy.

In this study, we used different methods of normalization and 
changepoint detection. While these approaches yield slightly different 
results (22–29 days), the general conclusion that can be drawn across 
conditions and analysis methods is that a change in signal dynamics 
occurs after the first three post-operative weeks.

Taken together, we would suggest that a reliable set-up for 
biomarker-based therapies should be conducted after the first post- 
operative month, to avoid influence on the signal through the micro
lesion effect. Nevertheless, future adaptive algorithms could also 
compensate for these changes during the acute post-operative period by 
employing automated moving baseline adjustment.

Fig. 3. Post-operative suppression of beta band activity in whole spectral power 
(A) Whole-spectrum activity reveals a significant suppression of beta band activity post-operatively, as compared with 3-months-follow-up (Montecarlo paired 
permutation test, 13–35 Hz, p = 0.0003). (C) Representation of individual power spectra post-OP (red) vs. at 3-months-follow-up (black) by hemisphere and subject 
(box). (B) Analysis of the individual spectral power at the selected peak frequency corresponding with the chronic sensing set-up also shows a significant post- 
operative reduction (p = 0.001).
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Limitations of this study include a small sample size and a lack of 
clinical characterization during the recording period. Future studies 
should include more participants to increase external validity, as well as 
participants from various, e.g. also psychiatric, DBS indications with 
different target areas to generalize this study’s clinical implications. For 
clinical characterization, additional subjective measures, e.g. patient- 
reported outcomes, and objective measures, such as sensor-based 
movement analysis or formalized regular assessments of the UPDRS- 
III, could be added to correlate with symptomatic changes. In this 
study, patients received medication and stimulation during the obser
vation period, at a stable and low dose. A reliable tracking of even minor 
medication adjustments and stratification for this in future analysis may 
help in identifying medication effects on chronic biomarker dynamics.

5. Conclusion

Here, for the first time, we report a change in the electrophysiolog
ical characteristics of chronic biomarker recordings in the acute post- 
operative state in PD patients treated with subthalamic DBS and two 
dystonia patients with pallidal DBS. There is both an initial decrease in 
peak biomarker power and a decreased regularity of complexity mea
sures such as laminarity and the recurrence. These changes may reflect 
the post-operative microlesion effect, with a transition point towards the 
end of the first month after DBS surgery. Hence, our data suggest that 
electrophysiology-based programming of DBS settings or adjustment of 
adaptive algorithms should be performed after this adaptation phase.
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